###### Significance of this study

What is already known about this subject?
=========================================

-   Inorganic nitrate is indispensable for preventing metabolic disorders and performs an essential role in reducing lipid accumulation and activating brown adipose tissue.

What are the new findings?
==========================

-   Dietary nitrate alleviates high-fat diet-induced obesity and ameliorates adipose deposition and hyperlipidemia, as well as glucose tolerance and insulin resistance via NO~3~^-^-NO~2~^-^-NO pathway and cyclic guanosine monophosphate activation in the viscera and gut microbiota dysbiosis rebalance.

How might these results change the focus of research or clinical practice?
==========================================================================

-   The results indicate the physiological benefits of inorganic nitrate with respect to obesity prevention and a novel mechanism of gut microbiota modulation by inorganic nitrate, implying a salutary effect on body health.

Introduction {#s1}
============

Obesity is a major epidemic worldwide, and its prevalence is increasing.[@R1] The number of overweight (body mass index (BMI)≥25 kg/m^2^) and obese (BMI≥30 kg/m^2^) individuals is approximately 2.1 billion based on a comprehensive review in children and adults during 1980--2013.[@R3] Obesity is associated with a high risk of metabolic diseases, including cardiovascular diseases and diabetes, and overcoming obesity is expected to be quite challenging.[@R4]

Obesity originates from multiple factors including behavioral, environmental, and genetic factors.[@R5] Consequently, the occurrence of metabolic disorders leads to systemic inflammation, causing multiphysiological function imbalances including those in the intestinal microecology.[@R6] Nevertheless, we still have limited knowledge regarding the cause and pathogenesis of obesity. Unhealthy lifestyle also plays key role in the development of obesity, owing to excessive energy intake and insufficient exercise. Additionally, the gut microbiota has been shown to modulate obesity, although the causal relationship is unclear.[@R7]

Current studies on strategies to prevent obesity are multifaceted including dietary management: increasing vegetable intake and supplementation with prebiotics, which target the gut microbiology.[@R8] Notably, green leafy vegetables are rich in inorganic nitrate.[@R9] Dietary nitrate serves as a non-classical source of nitric oxide under conditions of hypoxia and ischemia. The nitrate-nitrite-nitric oxide pathway plays a vital role in maintaining the physiology, such as protecting the gastrointestinal tract and the cardiovascular system, regulating glucose/lipid metabolism, maintaining gut microbiome hemostasis, and alleviating senility. Additionally, nitrate has been shown to have important functional effects in metabolic syndrome. For example, previous studies have demonstrated more beneficial role of nitrate-rich beetroot juice rich in blood pressure reduction and endothelial function in young as well as older individuals and in cognitive improvement in type 2 diabetes relative to that of the nitrate-depleted juice.[@R10] Nitric oxide (NO)/cyclic adenosine monophosphate (cAMP) signaling has also been shown to have potential applications in obesity prevention and treatment.[@R11]

Considering the versatile functions of nitrate in aging-related diseases and metabolic disorders, our group has evaluated the effects and beneficial effects of inorganic nitrate, including stomach mucosa protection in a stress-associated state and suppressing oxidative stress in response to total body irradiation.[@R12] Moreover, nitrate has been shown to promote the transformation of white adipose tissue to brown adipose tissue via cyclic guanosine monophosphate (cGMP) signaling and mobilizing the mitochondria.[@R14] However, the complicated relationships between nitrate and obesity and the roles of the microbiota in nitrate-dependent rebalancing of metabolism in mice are still unclear.

Accordingly, in this study, we aimed to investigate the effects of dietary nitrate on obesity and the gut microbiota in high-fat diet (HFD)-induced obesity in mice.

Research design and methods {#s2}
===========================

Experimental animals and design {#s2-1}
-------------------------------

Female C57BL/6 mice (5 weeks of age), obtained from Beijing Vital River Laboratory Animal Technology (Beijing, China), were randomly divided into four groups (n=10/group), including the normal control diet (NCD) group (given normal water and a normal chow diet), the HFD group (given normal water and an HFD), the HFD+NaNO~3~ group (given water containing 2 mM NaNO~3~ and an HFD), the HFD+NaCl group (given water containing 2 mM NaCl and an HFD). In addition, administration of HFD+NaCl (isotonic saline) as an alternative control group. Inorganic nitrate or sodium chloride (Sigma, St. Louis, Missouri, USA) was dissolved in drinking water for administration. After acclimatization for 1 week, 2 mM NaNO~3~ water and 2 mM NaCl water were given to the appropriate groups. One week after water treatment, the other three groups (except for the NCD group) were converted to an HFD containing 45 kcal% fat (Research Diets) along with the appropriate drinking water for an additional 20 weeks. During the experiment, body weight (BW) was recorded weekly. At the end of the experiment, mice were euthanized, and samples were collected for subsequent tests. Photographs of the animals' general appearances and abdominal adipose tissue were acquired at a vertical angle immediately after the animals were sacrificed. To avoid coprophagy, each animal was housed in one cage. The experiment schedule is detailed in [figure 1A](#F1){ref-type="fig"}. The current study was approved by the Animal Care and Use Committee of Capital Medical University (approval no. AEEI-2016--064).

![Inorganic nitrate reduced body weight gain and adipose tissue weight. (A) The experimental process. After acclimation of mice to the new living environment for 1 week, drinking water was supplemented with 2 mM NaNO~3~ or 2 mM NaCl. One week after treatment via drinking water, mice were changed to a HFD (45 kcal%). Mice were then divided into four groups according to drinking and feeding treatments, which were administered for the next 20 weeks, as follows: the NCD group (given normal water and diet), the HFD group (given normal water and a HFD), the HFD+NaNO~3~ group (given water containing 2 mM NaNO~3~ and an HFD), and the HFD+NaCl group (given water containing 2 mM NaCl and an HFD). (B) The body weight was recorded every week and presented in the graph. (C) The general appearance of experimental mice at the end of the study. (D) The body weight gain rate was calculated after the experiment. (E) Photographs of abdominal adipose tissue taken after dissection. (F--H, F'--H') Subcutaneous inguinal adipose tissue and visceral adipose tissue, including mesentery adipose and perirenal adipose tissue, were weighed, and the ratio of adipose weight to body weight was calculated. Values are presented as mean±SEM (n=10), \*\<0.05, \*\*\<0.01, \*\*\*p\<0.001. BW, body weight; HFD, high-fat diet; NCD, normal control diet; NS, not significant.](bmjdrc-2020-001255f01){#F1}

Biochemical analysis {#s2-2}
--------------------

At end of the experiment, mice were fasting for 12 hours before blood sample collection. Blood from orbital venous stored in procoagulation tube was centrifuged at 3000 g for 15 min to obtain serum. The contents of serum total cholesterol (TC), triacylglycerol (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), and blood glucose were quantified by automatic biochemical analyzer (AU5400TM, Olympus Optical, Japan). And insulin was measured by commercially ELISA kit (Invitrogen, USA).

Glucose tolerance and insulin resistance analysis {#s2-3}
-------------------------------------------------

After HFD administration for 18 weeks, the intraperitoneal glucose tolerance test (IPGTT) was conducted. After 12 hours fast, mice were intraperitoneally injected D-glucose (1.5 g/kg), and then blood samples were obtained from tail vein and glucose contents were measured by a glucometer (Roche, Germany) at specified time points. After HFD administration for 19 weeks, the insulin tolerance test (ITT) was conducted. After 6 hour fast, mice were intraperitoneally injected insulin (0.75 UI/kg, Novo Nordisk), and blood glucose was measured as above at different time points. The homeostasis model index of insulin resistance (HOMA-IR) was calculated with serum fast blood glucose and insulin concentration as literature described.[@R15]

Histological analysis, immunohistochemistry, and immunofluorescence tests {#s2-4}
-------------------------------------------------------------------------

After mice were sacrificed, histological anatomy was operated and subcutaneous adipose tissue (inguinal) as well as visceral adipose tissue (mesenteric and perirenal) were obtained for weighing. Both weight of adipose tissue (g) and normalized weight to BW (g/g) were shown. For histological analysis, inguinal adipose tissue and liver obtained were fixed in 4% paraformaldehyde. Paraffin embedded specimens were sectioned at 5 µm. H&E staining was performed under standard protocol.[@R16] The size of adipocytes was measured by using Image-Pro Plus 6.0 program (Media Cybernetics, Rockville, Maryland, USA). The hepatic steatosis was analyzed using point-counting method. A test system of 36 points was used to calculate ration of the fat vesicles hitting points compared with total points. The immunohistochemistry tests were done using paraffin sections under standard procedure; first antibody was incubated as antiendogenous nitric oxide synthase (eNOS, 1:1000, ab76198, Abcam, USA) overnight, and the second anti-body (1:1000, ab97035, Abcam, USA) was incubated for 1 hour. At least five fields in three different sections were calculated to summarize the eNOS positive area, which was analyzed by Image-Pro Plus 6.0 program. Immunofluorescence tests were done after colon samples fixed in 4% neutral-buffered formalin and blocked with 5% bovine serum albumin for 20 min. The primary anti-eNOS antibody (as listed above) was incubated for 1 hour at room temperature. Then samples were incubated with secondary antibody (1:500, Alexa Fluor 488, 150073, Abcam) and nuclei were counterstained with DAPI (1002339028, Sigma-Aldrich). At least three sections from six different animals and five different fields in each section were calculated using confocal system and a digital camera (SP8, Leica).

Nitrate, nitrite, and cGMP level determination {#s2-5}
----------------------------------------------

At end of the experiment, serum, liver, inguinal adipose, and colon epithelium as well as feces from lower colon were obtained and homogenized to collect supernatant. Before assay, samples were 10 000 MW filtered and diluted. Total Nitric Oxide and Nitrate/Nitrite Parameter Assay Kit (KGE001, R&D, USA) was used to determine the concentration of nitrate and nitrite in colon epithelia and feces respectively as directed procedure. The cGMP level was detected under standard procedure (ab133052, Abcam, USA). Samples and standards were added to 96-wells plates. Then, prepared labeled AP-conjugate and Cyclic GMP Complete antibody were added. Thereafter, pNpp substrate was added and incubated. The level of cGMP was detected.

Western blot test {#s2-6}
-----------------

The protein was extracted using a protein extraction kit (Thermo Fisher Scientific, China) and was quantified using BCA Protein Assay Kit (Applygen, Beijing, China). Proteins were separated during sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane. First antibodies as eNOS (1:500, ab76198, Abcam, USA) were incubated overnight, and then second antibody (1:1000, ab97035, Abcam, USA) was incubated for 1 hour at room temperature. Three times of replicated tests were done to ensure the expression of protein.

Quantitative real-time PCR {#s2-7}
--------------------------

To assess the inflammatory markers, the gene expression of inducible nitric oxide synthase (iNOS) in intestinal epithelial and gene expression in adipose tissue including TNF-α, interleukin 6, adiponectin were evaluated. Total RNA was extracted and cDNA was synthesized by the kit (Tiangen biotech, China). The specific primers and SYBR green reagent were used to conduct real-time PCR on the Applied Biosystems. The gene expression of actin was used to normalize the raw quantifications and analyzed by method of 2-△△CT. The fold changes of each gene were shown as mean±SD.

Gut microbiota analysis {#s2-8}
-----------------------

To analyze gut microbiota, feces from lower colon were obtained through anatomic dissection and stored in −80 °C for further assay. Twenty-two samples of feces were analyzed, including six samples from normal mice (NCD group), eight from HFD mice (HFD group) and eight from mice fed HFD with nitrate supplementation (HFD+NaNO~3~ group).

The genomic DNA of feces samples was extracted and determined qualified. 16SRNA gene of bacterial was amplified through PCR followed by specific primer with barcode synthesized according to sequence area. The extracted genomic DNA was detected in 1% agarose gel electrophoresis and amplified using TransGen AP221-02. The V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR. The primers were listed as 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3') with Primer amplification length of 465 bp. The PCR procedure was presented as (1) denaturation at 94°C for 4 min; (2) 25 cycles of denaturation at 94°C for 45 s; (3) annealing at 55°C for 50 s; (4) extension at 72°C for 45 s; (5) extension at 72°C for 10 min. All experimental samples were triplicated and 50 000 sequences were in one sample. After PCR products were tested by electrophoresis and quantified by QuantiFluor-ST system, an Illumina PE250 library was constructed. 16SRNA detection was performed on Illumina PE250 platform at Biozeron (Shanghai, China). Operational taxonomic units (OTUs) were the base units in the analyses of 16SRNA and generated by UPARSE using the GOLD database. The alpha test was also known as the within-habitat diversity test, used to calculate the community richness or diversity. The relative abundance of dominant bacteria was made among all three groups using R language and Barplot function.

The Illumina sequencing procedure was first fixed one side of the DNA fragment, which is complementary with the primer to the gene chip. Second, fix the other side of DNA fragment which is complementary with another primer. Then, after amplification, the DNA amplifiers are linearized into single strands. Add the DNA polymerase and dNTP with four fluorescent markers and read the type of nucleotides that are added to each template sequence using laser scanning. The fluorescent group and the terminating group are chemically cut. Finally, the sequence of template DNA fragments was obtained by counting the fluorescence signal.

Principal co-ordinates analysis was a visualization method for studying similarities or differences among different groups. LDA effect size (LEfSe) analysis was based on nonparametric factorial Kruskal-Wallis (KW) sum-rank test to find specific bacteria. Statistical analysis of metagenomic profile (STAMP) analyses were using Fisher's exact test, Welch's t-test or ANOVA to compare the differential bacteria among multiple groups. To analyze the changes in specific bacterial groups, Benjamini-Hochberg method was done. The threshold abundance for significant presence of microbiota was above 1.

Statistical analysis {#s2-9}
--------------------

The sample collection and data analysis were done by different members according to double blind principle. Results was presented as mean±SE of the mean (SEM),\<0.05(\*),\<0.01(\*\*) and p\<0.001(\*\*\*) were considered significant, and NS for not significant. Statistical analysis was performed using SPSS 19.0. Two-way ANOVA was used to compare the difference between groups with normal distribution and equal variances data (Shapiro-Wilk test was performed); then, Bonferroni post-tests were used to compare replicate means by row. Nonparametric test (KW test and Mann-Whitney U test) were used for non-normal distribution data or unequal variance data.

Results {#s3}
=======

Inorganic nitrate reduced BW gain and adipose tissue weight {#s3-1}
-----------------------------------------------------------

Photographs of animals captured at the end of the experiment showed that the mice in the HFD and HFD+NaCl groups were clearly larger than those in the NCD and HFD+NaNO~3~ groups ([figure 1C](#F1){ref-type="fig"}). BW was recorded every week ([figure 1B](#F1){ref-type="fig"}), and the rate of weight gain was calculated after the experiment. HFD induced obesity in mice, as characterized by a higher rate of BW gain compared with that in mice fed a normal chow diet. However, supplementation with NaNO~3~ reduced BW gain in HFD mice ([figure 1D](#F1){ref-type="fig"}). Subcutaneous inguinal and visceral adipose tissues, including mesentery and perirenal adipose tissues, were collected and weighed after dissection ([figure 1E](#F1){ref-type="fig"}); tissue weight was significantly decreased in the HFD+NaNO~3~ group relative to that in the HFD group ([figure 1F--H](#F1){ref-type="fig"}). Similar results were observed with respect to the ratio of white adipose tissue to BW ([figure 1F--H](#F1){ref-type="fig"}). Supplementation with NaCl did not affect BW gain or adipose weight. Water consumption was not significantly different among the groups ([online supplementary figure 1](#SP1){ref-type="supplementary-material"}).

10.1136/bmjdrc-2020-001255.supp1

Amelioration of glucose tolerance and insulin resistance by nitrate {#s3-2}
-------------------------------------------------------------------

Fasting blood glucose and insulin were measured at the end of the experiment. Mice in the HFD group were hyperglycemic and hyperinsulinemia. Supplementation with NaNO~3~ reduced HFD-induced hyperglycemia, as expected, although the difference was not statistically significant ([figure 2A](#F2){ref-type="fig"}). However, hyperinsulinemia was significantly reversed by supplementation of drinking water with NaNO~3~ ([figure 2B](#F2){ref-type="fig"}). Based on the HOMA-IR, nitrate ameliorated the insulin resistance caused by HFD-induced metabolic disorder ([figure 2C](#F2){ref-type="fig"}). Furthermore, the results of IPGTTs and ITTs showed the ability of nitrate to improve glucose tolerance and insulin sensitivity ([figure 2D--G](#F2){ref-type="fig"}).

![Inorganic nitrate ameliorated glucose tolerance and insulin resistance. (A) Fasting blood glucose at the end of the experiment. (B) Fasting serum insulin at the end of the experiment. (C) HOMA-IR indexes were calculated according to fasting blood glucose and insulin levels. (D) IPGTTs were conducted after HFD feeding for 18 weeks. Blood glucose levels were tested at the specified time points. (E) Curve areas for IPGTTs are presented in the column graph. (F) ITTs were conducted after HFD feeding for 19 weeks. Blood glucose levels were tested at specified time points. (G) Curve areas for ITTs are presented in the column graph. Values are presented as mean±SEM (n=10), \*\<0.05, \*\*\<0.01, \*\*\*p\<0.001. AUC, area under the curve; HFD, high-fat diet; HOMA-IR, homeostasis model index of insulin resistance; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; NCD, normal control diet.](bmjdrc-2020-001255f02){#F2}

Nitrate-mediated alleviation of dyslipidemia and lipid accumulation {#s3-3}
-------------------------------------------------------------------

Serum biochemistry tests showed that TG, TC, and LDL levels were increased in the HFD group ([figure 3E--H](#F3){ref-type="fig"}) and decreased in the HFD+NaNO~3~ group. No difference in HDL levels was found among the groups. After dissection of the mice at end of the experiment, liver tissue and inguinal fat tissue were collected for H&E staining and histological observation ([figure 3A, B](#F3){ref-type="fig"}). Liver tissue in the HFD group contained more and larger vacuoles than that in the HFD+NaNO~3~ group. Point-counting results showed severe hepatic steatosis in the HFD group; however, hepatic steatosis was less severe in the HFD+NaNO~3~ mice ([figure 3C](#F3){ref-type="fig"}). The mean adipocyte size was much greater in the HFD group than that in the NCD group. Nitrate supplementation significantly decreased the mean adipocyte size ([figure 3D](#F3){ref-type="fig"}). The histological and biochemical phenotypes in mice in the HFD+NaCl group were similar to those in mice in the HFD group.

![Inorganic nitrate alleviated dyslipidemia and lipid accumulation. (A) Liver slices with H&E staining were prepared for histological observation. (B) Sizes of adipocytes from inguinal adipose tissue. (C) Point-counting for hepatic steatosis. (D) The mean sizes of adipocytes were analyzed using Image-Pro Plus 6.0. (E--H) Blood biochemical analysis at the end of the experiment. Values are presented as mean±SEM (n=7), \*\<0.05, \*\*\<0.01, \*\*\*p\<0.001. Scale bar: 100 µm. HDL, high-density lipoprotein; HFD, high-fat diet; LDL, low-density lipoprotein; NCD, normal control diet; TC, total cholesterol; TG, triacylglycerol; NS, not significant.](bmjdrc-2020-001255f03){#F3}

Inorganic nitrate upregulated the NO~3~^-^-NO~2~^-^-NO pathway in the liver, inguinal adipose tissue, and gut epithelium {#s3-4}
------------------------------------------------------------------------------------------------------------------------

The concentrations of nitrate and nitrite in the serum, liver, and inguinal adipose tissue were assayed and found to be lower in the HFD group than that in the NCD group. The HFD+NaNO~3~ group had the highest nitrate concentration, and the nitrite concentrations in this group were lower than those in the NCD group but higher than those in the HFD group ([figure 4A, B](#F4){ref-type="fig"}). The serum, liver, and inguinal adipose tissue levels of cGMP, which increases the activity of the NO pathway, were higher per unit protein in the HFD+NaNO~3~ group than that in the HFD group ([figure 4C](#F4){ref-type="fig"}). Furthermore, quantitative immunohistochemical analysis of inguinal tissue revealed that inorganic nitrate reversed the HFD-induced decrease in eNOS expression. Western blot analysis of eNOS in the liver and inguinal adipose tissue showed similar results ([figure 4D--G](#F4){ref-type="fig"}).

![Inorganic nitrate activated the NO~3~^-^-NO~2~^-^-NO pathway in liver and inguinal adipose tissues. (A, B) Nitrate and nitrite contents in the serum, liver, and inguinal adipose tissues were detected. (C) cGMP levels in the serum, liver, and inguinal adipose tissues were tested. (D) The expression of eNOS was determined by immunohistochemistry of inguinal adipose tissues. (E) The eNOS-positive area on inguinal adipose tissue slices was analyzed using Image-Pro Plus 6.0. (F) eNOS expression in the liver and inguinal tissues was evaluated by western blotting. (G) Relative eNOS expression, as determined by western blotting, was analyzed using Image-Pro Plus 6.0. Values are presented as mean±SEM (n=7), \*\<0.05, \*\*\<0.01, \*\*\*p\<0.001. Scale bar: 100 µm. cGMP, cyclic guanosine monophosphate; eNOS, endothelial NO synthase; HFD, high-fat diet; NCD, normal control diet; NS, not significant.](bmjdrc-2020-001255f04){#F4}

To explore the effects of nitrate on gut ecology, colon tissue and fecal samples were collected. There were no differences in nitrate levels in the colon epithelium or feces among groups, and nitrite levels were highest in the epithelium in the HFD+NaNO~3~ group and in the feces in the HFD group ([figure 5A, B](#F5){ref-type="fig"}). iNOS is one of the inflammatory markers and it is overexpressed in HFD induced obesity. Therefore, presumably, the high levels of nitrite in the feces of animals in HFD group were the results of endogenous nitrite generated from the oxidation of iNOS-derived NO ([online supplementary figure 1D](#SP1){ref-type="supplementary-material"}). In addition, cGMP levels in the colon epithelium were higher in HFD + NaNO~3~ mice than those in HFD mice ([figure 5C](#F5){ref-type="fig"}). Colon tissue immunofluorescence and western blotting revealed that the decreased eNOS expression observed in the colon epithelium in response to the HFD was partially reversed by nitrate supplementation ([figure 5D--G](#F5){ref-type="fig"}).

![Inorganic nitrate activated the NO~3~^-^-NO~2~^-^-NO pathway in the gut epithelium. (A) Nitrate levels in the colon epithelium and feces. (B) Nitrite levels in the colon and feces. (C) cGMP levels in the colon epithelium. (D) Expression of eNOS in the colon epithelium, as determined by immunofluorescence. (E) Relative fluorescence intensity of eNOS. (F) Western blotting was used to evaluate eNOS expression in the colon epithelium. (G) Relative eNOS protein expression according to fluorescence analysis. Values are presented as mean±SEM (n=7), \*\<0.05, \*\*\<0.01, \*\*\*p\<0.001. Scale bar: 100 µm. cGMP, cyclic guanosine monophosphate; eNOS, endothelial NO synthase; HFD, high-fat diet; NCD, normal control diet; NS, not significant.](bmjdrc-2020-001255f05){#F5}

Inorganic nitrate altered the relative abundance of specific gut bacterial genera {#s3-5}
---------------------------------------------------------------------------------

Gut microbiome samples were analyzed using rarefaction and rank-abundance curves ([online supplementary figure 2D, E](#SP1){ref-type="supplementary-material"}). Unique and common OTUs were detected at the genus level and listed in [figure 6A](#F6){ref-type="fig"}. Fourteen unique bacteria were noted in the HFD group, whereas 7 were noted in the HFD+NaNO~3~ group and 11 were found in the NCD group, indicating that HFD and nitrate altered the gut microbiome. However, no significant differences in alpha-diversity were noted among the three experimental groups ([online supplementary figure 2A--C](#SP1){ref-type="supplementary-material"}). Nonmetric multidimensional scaling indicated that the gut microbiomes in both the HFD and HFD+NaNO~3~ groups differed from those in the NCD group. The bacterial community in the HFD+NaNO~3~ group appeared to be closer to that in the NCD group ([figure 6B](#F6){ref-type="fig"}), as also indicated by three-dimensional principal component analysis ([online supplementary figure 3](#SP1){ref-type="supplementary-material"}).

![Inorganic nitrate altered the relative abundances of the specific gut bacterial genus. (A) Numbers of unique and shared bacteria at the genus level. (B) NMDS analysis of the distribution of the gut microbiome among the three groups. (C) The average abundance of Firmicutes and Bacteroidetes at the phylum level in each group. (D) The ratio of Firmicutes to Bacteroidetes in different groups. (E) Top 10 abundant bacteria at the genus level in each group. HFD, high-fat diet; NCD, normal control diet; NMDS, nonmetric multidimensional scaling; NS, not significant.](bmjdrc-2020-001255f06){#F6}

The ratio of Firmicutes to Bacteroidetes related to metabolic disorder is used to assess the intestinal and systemic health. However, in our study, there was no significant variation among groups ([figure 6C, D](#F6){ref-type="fig"}). Bacteria with the highest abundances at the genus level were *Bacteroidales S24-7* group, *Lactobacillus*, *Alloprevotella*, *Bacteroides*, *Akkermansia*, *Lachnospiraceae*, *Desulfovibrio*, *Erysipelotrichaceae*, *Alistipes*, and *Ruminococcaceae Ugg-014* ([figure 6E](#F6){ref-type="fig"}). Based on our results, *Bacteroidales S24-7* group, *Lactobacillus*, *Lachnospiraceae*, *Desulfovibrio*, *Erysipelotrichaceae*, and *Ruminococcaceae Ugg-014* were decreased in the HFD group compared with those in the NCD group, the exception being *Alloprevotella*, *Bacteroides*, and *Alistipes,* which were increased in the HFD group. Nitrate partially rebalanced the HFD-induced alterations in the gut microbiome. Specifically, the abundances of *Bacteroidales S24-7* group and *Alloprevotella* were decreased in the HFD group and increased in the HFD+NaNO~3~ group. Moreover, the abundances of *Alistipes* and *Lactobacillus* were increased after nitrate supplementation ([figure 6E](#F6){ref-type="fig"}).

The cladograms for the differential colon bacteria in the NCD, HFD, and HFD+NaNO~3~ groups were prepared using nonparametric factorial KW sum-rank tests to detect significant microbiota influencing variation among the groups. *Verrucomicrobiaceae, Oceanospirillales*, and *Halomonadaceae* were specifically identified in the HFD+NaNO3 group ([figure 7A](#F7){ref-type="fig"}).

![Differential bacteria among groups. (A) Cladograms for differential colon bacteria in three groups were determined using nonparametric factorial KW sum-rank tests. (B, C) Differential bacteria between the HFD and NCD groups and between the HFD and HFD+NaNO~3~ groups using STAMP analyses at the genus level. HFD, high-fat diet; KW, Kruskal-Wallis; NCD, normal control diet; STAMP, statistical analysis of metagenomic profiles.](bmjdrc-2020-001255f07){#F7}

Differential bacteria between the NCD and HFD groups or HFD and HFD+NaNO~3~ groups are presented in [figure 7B, C](#F7){ref-type="fig"} using STAMP analyses at the genus level. The abundance of *Clostridiales_vadinBB60_group* was increased in both the NCD and HFD+NaNO~3~ groups compared with that in the HFD group. Relative to their abundances in the HFD group, *Ruminococcaceae UCG-014*, *Catabacter*, *Ruminococcaceae NK4A214*, *Gemella*, *Anaerofustis*, *Coriobacteriaceae_uncultured*, *Ruminococcaceae* unclassified, *Ruminococcaceae UCG-010*, *Mollicutes RF9_norank*, *Acetanaerobacterium*, *Prevotellaceae UCG-001*, and *Ruminococcus 1* were present at increased abundance in the NCD group, whereas *Intestinibacter* was present at decreased abundance ([figure 7B](#F7){ref-type="fig"}). Further, relative to their abundances in the HFD+NaNO~3~ group, *Paraprevotella*, *Lachnospiraceae UCD-006*, *Parabacteroides*, and *Candidatus arthromitus* were present at increased abundance in the HFD group, whereas *Clostridiales vadinBB60* was present at decreased abundance ([figure 7C](#F7){ref-type="fig"}). Additionally, LEfSe analysis based on nonparametric factorial KW sum-rank tests showed specific differential bacteria ([online supplementary figure 4](#SP1){ref-type="supplementary-material"}), similar to the results of STAMP analyses.

Discussion {#s4}
==========

In this study, we confirmed the effects of inorganic nitrate at reducing BW gain and regulating glycolipid metabolism. Moreover, dysbiosis of the gut microbiome induced by HFD was ameliorated to some extent by inorganic nitrate supplementation. Our results highlighted the potential mechanisms through which dietary nitrate prevented obesity, that is, through activating the NO signaling pathway and rebalancing the gut microbiota.

Obesity, characterized by impaired gut microbiome and inhibition of the NO~3~^-^-NO~2~^-^-NO pathway,[@R17] influences glucose tolerance and insulin resistance but also exerts effects on other systemic disorders, such as cardiovascular disease; thus, although challenging, research into the underlying mechanisms of obesity is essential.[@R19] Decreased nitric oxide bioactivity and impaired nitrate-nitrite-NO signaling could contribute to obesity and diabetes.[@R20] Current research has demonstrated that nitrate exerts antiobesity and antidiabetic effects in metabolic syndrome.[@R22] The expression of thermogenic genes in brown adipose tissue and of brown adipocyte-specific genes in white adipose tissue was increased by inorganic nitrate.[@R14] Activation of the nitrate-nitrite-NO pathway and increased cGMP levels could subsequently upregulate the expression of cGMP-dependent protein kinase G type 1 and brown adipocyte-specific genes, leading to the browning of white adipose tissue.[@R14] Our results verified the antiobesity effects of dietary nitrate in the context of HFD-induced obesity. In addition, administration of HFD+NaCl group as an isotonic saline (an alternative control) caused moderate variations in some parameters such as adipose tissue weight. However, most of these variations were minor, and thus we primarily focused on the effect of nitrate administration. Nevertheless, the effects of NaCl, which may be ascribed to the changes in microecology in response to the osmotic pressure of the solution, require further exploration.

Obesity is a complex disease associated with chronic inflammation, oxidative stress, and deregulated glucose and lipid metabolism.[@R24] Furthermore, it has been widely reported that obesity accompanied by a state of systemic low-grade inflammation and local cytokine infiltration induces abnormal glucose tolerance and insulin resistance. Our results verified that inflammatory cytokines were downregulated in the adipose tissue and that glucose intolerance and insulin resistance were partially reversed by nitrate administration ([online supplementary figure 1A--C](#SP1){ref-type="supplementary-material"}). Additionally, our group had previously reported that dietary nitrate decreased oxidative stress in irradiation-induced systemic (total body) injury.[@R12] Dietary nitrate activated the nitrate-nitrite-NO pathway and subsequently upregulated AMP-activated protein kinase signaling and reduced NOX-derived oxidative stress.[@R11] The antioxidative effect of dietary nitrate also implies a promising treatment for obesity. Moreover, our previous study showed that dietary nitrate could increase the microvascular density in dextran sulfate sodium salt (DSS)-induced colonic injury. Therefore, improving intestinal blood flow by dietary nitrate could be one of the alternative mechanisms underlying the changes in the colonic microenvironment.[@R25] However, in this study, we primarily focused on the potential effects of dietary nitrate on modulating the gut microbiome.

The gut microbiota can modulate host signaling pathways to regulate energy storage and thus may have vital roles in the development of obesity,[@R26] diabetes, and cardiovascular disease.[@R27] The gut microbiome is also essential for processing dietary polysaccharides.[@R29] In our study, the gut microbiome was influenced by both HFD and nitrate, which altered the gut flora significantly, with nitrate supplementation having beneficial regulatory effects on microbial metabolism.

Our bar graphs of the bacterial communities at the genus level showed the beneficial effects of nitrate supplementation on the gut microbiome. Nitrate significantly increased the abundances of *Bacteroidales S24-7*, *Alistipes*, and *Lactobacillus* compared with those in the HFD group. Hugan Qingzhi tablet, a traditional Chinese medicine, has been reported to protect against HFD-induced nonalcoholic fatty liver disease by increasing *Ruminococcaceae*, *Bacteroidales S24-7*, and *Alistipes* abundances,[@R30] similar to our current results. The abundance of *Alloprevotella*, which is involved in dietary-derived and saliva-derived nitrate production, was increased in our HFD group, but was decreased by nitrate supplementation.[@R31] *Lactobacilli*, a probiotic bacterium whose abundances were markedly increased in our HFD+NaNO~3~ group, reportedly exerts health benefits for treating HFD-induced obesity in mice (by combining ultrasound and lactobacilli treatment for HFD-induced obesity in mice).

Notably, a high-starch diet, together with high-dose acarbose, results in increased abundances of *Bacteroidaceae* and *Bifidobacteriaceae*.[@R33] Butyrate, which promotes short-chain fatty acid production and overall health, is associated with *Firmicutes*, specifically *Clostridium leptum*.[@R34]

In this study, we detected differences in bacteria between the NCD and HFD groups or between HFD and HFD+NaNO~3~ groups using STAMP analyses. The abundance of *Clostridiales_vadinBB60_group*, which was positively related to the BW of newborn piglets,[@R35] was also increased in low-fat diet-fed mice compared with that in HFD-fed mice[@R36] and in both NCD and HFD+NaNO~3~ groups in our study. Ruminococcaceae, which have strong fiber-degradation capability,[@R37] were enriched in the NCD group, but decreased in the HFD group, indicating decreased fiber degrading activity. Patients with type 2 diabetes treated with metformin showed decreased abundance of Intestinibacter by shotgun sequencing-based metagenomic analysis,[@R38] verifying the dysregulation of the gut microbiome in the HFD group.

In a mouse model of β-lactoglobulin-induced allergy, the abundance of *Lachnospiraceae UCG-006* was found to be reduced after *Lactobacillus* treatment, indicating its harmful role in allergies.[@R40] The duodenal endoluminal sleeve could reduce BW partially by altering the gut microbiota; this also included decreasing the abundance of *Paraprevotella* family members.[@R41] However, the abundance of *Parabacteroides* was decreased in the HFD+NaNO~3~ group compared with that in the HFD group and was reported to be increased in mice treated with resveratrol.[@R37] The beneficial effects of nitrate are complex, and treatment with nitrate could alter the composition of the gut microbiome.

In conclusion, in this study, dietary nitrate efficiently reduced HFD-induced obesity in mice and exerted regulatory effects on the gut microbiome. However, the salutary biological effects of inorganic nitrate are complex. The relationships between the gut microbiota and glucolipid metabolism demonstrated herein implied that inorganic nitrate plays a vital role in alleviating HFD-induced obesity.

Data on the animal experiments have been contributed by researchers who were listed as authors in this manuscript. Data on the gut microbiota 16SRNA detection and analysis have been contributed by Shanghai Biozeron Biotechnology Co., Ltd.
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